Thrust ball bearings lubricated with several different types of grease, including three biodegradable low-toxicity greases, were tested in a modified four-ball machine in order to evaluate the bearing friction torque. At the end of each test, grease samples were obtained and analysed through ferrography, allowing the quantification and evaluation of the bearing wear. In order to compare the grease performance in terms of friction and wear, a correlation between the grease characteristics (base oil, bleed oil, thickener structure, and rheological parameters) and the experimental results was established.
INTRODUCTION
The reduction of power losses in mechanical transmission has become a priority during the past years, mainly due to environmental aspects. A more efficient transmission will, in general, generate less heat, less wear, less power loss and, consequently, it will imply lower impact on nature due to a reduction of material usage.
A large part of the power losses in mechanical transmissions are related to rolling and sliding frictions and it is well known that lubrication is the most effective way to reduce that friction and control wear. However, in some cases, systems are designed for lubrication loss with periodic re-lubrication and, unfortunately, the lubricants are dispersed in the environment without any treatment, forming a significant source of water and earth pollution.
In this sense, several different types of lubricant greases have been formulated with special attention to reach biodegradability and eco-toxicity. Nevertheless, the mechanical behaviour of these greases in a lubricated surface is not yet fully understood [1] . For that reason, many laboratory tests are routinely used to provide a better understanding of fundamental mechanisms on how grease works in the contact and analytical tools have been proposed [2] . These tests (such as pinon-disc, twin disc, ball-on-disc, etc.) provide an assessment of the lubricant performance under controlled conditions. However, grease lubrication of rolling bearings is hardly simulated on these tests, because of the large difference in timescale between successive overrolling and the difficulty to simulate the true lubricant flow, the lubricant feed, and the loss mechanisms occurring inside the bearing. Moreover, the large centrifugal forces acting on the grease in the bearing cannot be simulated in these instruments [3] . Actually, there has been little work published on grease analysis in full bearings (see references [4] to [9] ).
Most of the analytical tools proposed to evaluate the friction torque inside a grease lubricated system do not take into account the grease formulation, i.e. there is no parameter which differentiates the type of thickener or the interaction between the thickener and the base oil. However, several researchers [10] [11] [12] agree with the model proposed by Cann et al. [13, 14] , where it is assumed that the contacting surfaces are covered by a thin layer of thickener and the lubricant film is composed of base oil thickened with broken thickener fibers.
In order to explore the influence of the interaction between grease thickener and base oil, seven different types of lubricant greases, including three biodegradable low-toxicity greases, were tested in full rolling bearings tests with a 51107 thrust ball bearing. A modified four-ball machine was used to evaluate the friction torque and the operating temperature. A numerical model [2] was used to predict the bearing friction torque considering the bleed and base oil characteristics. At the end of each test, grease samples were obtained, which were analysed by ferrographic techniques in order to evaluate the bearing wear.
A rheological evaluation of the grease and of the corresponding base and bleed oils was performed using a cone-plate geometry in flow tests [5] . The bearing friction and wear performance of each grease was related to the rheological characteristics of its base and bleed oils.
METHODS AND MATERIALS
Full rolling bearing tests were performed using a modified four-ball machine, where the standard four-ball arrangement was replaced by a rolling bearing assembly. The new arrangement was developed to measure the friction torque and the operating temperature in rolling bearings.
The friction torque was measured with a piezoelectric torque cell KISTLER Õ 9339 A, ensuring high-accuracy measurements even when the friction torque generated in the bearing was very small compared to the measurement range available.
The operating temperature was measured by seven thermocouples positioned in strategic locations in order to obtain the lubricant and bearing housing temperatures, so that the lubricant viscosity and the heat evacuated through the bearing housing could be calculated with reasonable precision. The thermocouples I-V are shown in Fig. 1 , and two of these thermocouples (VI and VII) are used to record the temperatures of the air flow surrounding bearing house and the room temperature, respectively.
The rolling bearing assembly was submitted to continuous air-forced convection by two fans, evacuating the heat generated during bearing operation.
In the torque tests, a 51107 thrust ball bearing was submitted to an axial load of 7000 N, rotational speeds between 100 and 5500 r/min and air-forced convection. The measurements were performed in three periods of 2 min for each operating condition with stabilized temperature due to the restrictions imposed by the torque cell [15] .
The wear tests were also carried out using a 51107 thrust ball bearing submitted to an axial load of Fig. 1 Schematic view of the bearing assembly 7000 N and a rotational speed of 1000 r/min during 60 h (12 þ 48 h). At the end of the first 12 h of test, the rolling bearing assembly was dismounted, washed, and re-lubricated. A grease sample was obtained and analysed. The test re-started again for more 48 h and, at the end, grease samples were obtained and analysed through ferrography, allowing the quantification and evaluation of the bearing wear.
The experimental assembly involves many details related to type of bearing tested, the rolling bearing assembly, and the operation of the test rig, of the torque cell, of the thermocouples and of the LabView-based control software. The experimental test procedure is also complex, in particular in what concerns the torque measurements, because of the 'drift effect' typical of piezoelectric cells. The torque measurement repeatability and the test repeatability were analysed and verified.
To the interested reader, both the torque and wear experimental test methods are completely described in Cousseau et al. [16] .
Lubricant characterization
Seven different lubricant greases were tested in order to compare the grease formulation with their tribological behaviour in a thrust ball bearing, mainly in terms of bearing wear and friction torque. For that purpose, the greases' bleed oils were obtained according to IP 121 standard-determination of oil separation from lubricating grease: pressure filtration method. The IP 121 is a standard static-bleed test which consists of stainless steel separation cup with cone of 240-mesh woven wire cloth, 100 g metal weight, and oil cup. Oil separation is determined by placing the sample on the wire mesh cone and loading it with the 100 g metal weight. The lubricating grease and the corresponding base and bleed oils were studied. Table 1 presents the main characteristics of these lubricants. Some of these characteristics were provided by the grease manufacturers. However, the base and bleed oil kinematic viscosities were measured in a MCR 301 rheometer with cone-plate geometry. The viscosity index (VI) was calculated for the bleed and base oils.
Each grease is nominated according to its chemical formulation (i.e. thickener þ base oil): LiM1 and LiM2 thickened with lithium and mineral base oil; LiPAO formulated with polyalphaolefin, lithium thickener, and polymeric additivation (PTFE); LiE and LiPuE formulated with ester base oil and both thickened with lithium and calcium, but grease LiPuE also contained polyurea; PPAO and PE þ V greases thickened with polypropylene (non-polar thickener) and formulated with polyalphaolefin base oil (PPAO) and a mix of a diester with a vegetal base oil (PE þ V).
Three of these greases (LiE, LiPuE, and PE þ V) passed the test for biodegradability (OECD 301 F and SS155470 class B) and eco-toxicity (OECD 202).
The base and bleed oil viscosities were measured with a MCR 301 rheometer, using the cone-plate geometry CP50-2 (2.02; 49.97 mm) at two different temperatures (40 C and 80 C). For that, flow tests were carried out, where increasing levels of shear rate (10 À2 s À1 < _ < 10 3 s À1 ) were applied to the greases bleed and base oils while the shear stress () and apparent viscosity () were measured. 
Base oil properties Specific gravity (g/cm 3 Operating temperature ( C) À20 to þ130 À30 to þ120 À60 to þ120 À30 to þ120 À30 to þ120 À35 to þ120 À25 to þ80 3 FRICTION TORQUE
Rolling bearing friction torque model
SKF has recently proposed a new rolling bearing friction torque model [2] , where the total friction torque for a grease-lubricated thrust ball bearing is given by following equation
where M rr and M sl are the rolling and the sliding torques, respectively.
The rolling friction torque M rr is affected by several sources of rolling friction losses in rolling contacts. Energy is spent to introduce the lubricant into the contact and to reject the excess (elastohydrodynamic lubrication process). Elastic hysteresis losses in the steel solids (energy dissipation in the deformation process) and even adhesion forces between surfaces are mechanisms that can generate rolling friction.
The rolling torque M rr is calculated from equation
However, the rolling friction resistance is affected by other factors -inlet shear heating (' ish ) and kinematic replenishment/starvation ( rs ), as shown in equation (1) [2].
Inlet shear heating. Not all the lubricant
available at the contact inlet passes through the contact and some of it will re-circulate generating a reverse flow. This re-circulation generates heat; consequently, the oil temperature increases, its viscosity decreases, and the lubricant film thickness in the contact decreases, reducing the rolling resistance [2] . The inlet shear heating parameter (' ish ) is defined by
3.1.2 Kinematic replenishment/starvation. Occurs when high speeds or high lubricant viscosities hamper the replenishment of lubricant in the raceway after a rolling element has passed, since the lubricant will not have sufficient time to flow back from the sides to the centre of the raceway. This is kinematic starvation, which will produce a reduction of the lubricant availability in the inlet of the contact and reduce the film thickness and the rolling resistance [2] . The kinematic replenishment/starvation parameter (' rs ) is defined by
where K rs is the replenishment/starvation constant, 6 Â 10 À8 for greases, and K z the bearing type-related geometry constant, 3.8 for thrust ball bearings. A global rolling torque might be defined as
The sliding torque M sl in rolling contacts is always present. There are two important sources of sliding in a rolling contact, the macro-sliding and the microsliding.
The macro-sliding caused by contact conformity due to macro-geometry features, e.g. the contact between balls and curved raceways in ball bearings (osculation) and spinning, which is sliding with angular velocity, and microsliding caused by the geometrical distortion from elastic deformation. The slip profile in the contact area will produce friction losses by means of lubricant shearing or/and asperity contact, depending on the film thickness/roughness ratio. The sliding torque is defined as [2] 
The sliding coefficient of friction sl due to oil shearing and asperity contacts is given by
where bl is the coefficient of friction between the interacting asperities, which is influenced by the lubricant additives, and EHD is the coefficient of friction due to lubricant shearing in the contact in full film lubrication. The weighting factor for the influence of asperity and lubricant shearing mechanisms [2] , is defined as
3.2 Application of the rolling bearing friction torque model
In previous works [5, 6] , the bearing friction torque model proposed by SKF [2] was discussed and applied to predict the bearing friction torque in a grease-lubricated thrust ball bearing. The same model was used in this study. Through the correlation with the experimental friction torque (M total &M exp ) and lubricant temperature values, it is possible to calculate the sliding friction torque (M sl )
and thus the coefficient of friction in full film conditions ( EHD ) can be obtained. That is
The interested reader is adviced to see references [6] and [17] , where the SKF friction torque model is completely described. Figure 2 shows the bearing friction torque measured versus the bearing rotational speed, for all the tested grease. The total friction torque measurements showed that all greases followed the same decreasing trend, i.e. the highest friction torque was measured for the lowest rotational speed (100 r/min) and thus, decreasing as rotational speed increased. This behaviour has already been described by Morales [17] .
RESULTS

Experimental friction torque and operating temperatures
It is interesting to notice that the total bearing friction torque was grouped according to the grease formulation: lithium mineral greases (LiM1 and LiM2) reached the highest friction torque values and polymeric greases presented the lowest ones (PPAO, PE þ V, and LiPAO -which have PTFE), while the torque values corresponding to the ester based greases (LiE and LiPuE) were in between mineral and polymeric greases Exactly the same behaviour was observed in Fig. 3 , where the operating temperatures measured are plotted against the rotational speed. Here, the highest temperature values correspond to the mineral greases (LiM2 and LiM1), the polymeric greases (PPAO, PE þ V, and LiPAO -which has PTFE) showed the lowest ones, while the ester-based greases (LiE and LiPuE) presented temperatures in between the other two, which is in close agreement with the friction torque measurements.
In this case, an increasing trend is observed, where the highest operating temperature was measured at the highest operating speed (5500 r/min).
At 2000 r/min, the frictional torque and the operating temperature of grease LiM2 were significantly higher than those of the polymeric grease PPAO, respectively, 42.9 per cent and 22.5 per cent.
The measurements of the friction torque and temperature were performed four times for each condition and presented a good repeatability. The maximum difference between the measured torques values were around 4 per cent for each condition and the temperature oscillations was never higher than 2 C.
Bleed oil versus base oil -viscosity
The dynamic viscosities of the grease's base and bleed oils, presented in Table 1 , are compared in Fig. 4 at 40 C.
Two distinct behaviours were observed. In the case of Lithium (Li)-thickened greases, the viscosity of the bleed oil was always lower than the viscosity of the base oil, while in the case of polypropylene (P)-thickened greases, the viscosity of the bleed oil is always higher than the viscosity of the base oil. It was also noticed that greases formulated with PAO base oil presented the highest differences between the bleed and base oil viscosities (LiPAO À88 per cent and PPAO þ950 per cent). In the case of Lithium-thickened greases formulated with ester base oil, such a difference was very small: (a) lithium greases: bleed oil 5 base oil ; (b) polypropylene greases: bleed oil 4 base oil . Figure 5 shows the calculated kinematic viscosities (ASTM D341) of the greases' bleed and base oils at the bearing operating conditions. When the bearing speed increased, the operating temperature also increased, as shown in Fig. 3 , and, consequently, both the bleed and base oil viscosities decreased.
The main differences in viscosity between the greases' base and bleed oils, at operating temperatures, were observed for greases PPAO, PE þ V, and LiPAO, which contain polymers in their formulation. The bleed oil viscosity was significantly higher than the base oil viscosity for greases PPAO and PE þ V, while the opposite was observed with grease LiPAO (Figs 4 and 5) .
The greases' base and bleed oil viscosities did not show any linear relation with the bearing friction torque measured, i.e. the highest kinematic viscosity did not correspond to the highest friction torque. For example, at 2000 r/min, LiM1 grease presented base/ bleed oil viscosity and friction torque equal to 61cSt/ 52cSt and 154 N.mm, respectively, while grease LiM2 presented 21cSt/24cSt and 159 N.mm. The bleed/ base oil viscosities of the LiM1 are almost three times larger than LiM2 viscosities, but the bearing friction torque measured is almost the same for all operating conditions.
Bleed oil versus base oil -film thickness
The base/bleed oil viscosities were used to calculate the theoretical centre film thickness in the ball -race contact of the thrust ball bearing, for each speed and Fig. 6 . The centre film thickness was determined using the Hamrock and Dowson [18] equation for elliptical contacts, i.e.
The specific film thickness was obtained dividing the centre film thickness (H 0 ) by the composed surface roughness (s) of the ball race contact (Ã ¼ H 0 =). The surface roughness for the trust ball bearings was measured and the composed roughness surface is around 0.2 mm.
The different trends observed on the specific film thickness were related to the viscosity index (VI). The greases with lower VI, such as the mineral greases (LiM1 and LiM2), presented higher film thickness at low speeds than at high speeds. The opposite trend was observed for greases with higher VI, such as LiPAO, which presented an increasing specific film thickness with increasing rotational speeds. The polymeric and ester-based greases (LiE, LiPuE, PE þ V, and PPAO), with had VIs between mineral and LiPAO greases, showed similar trends, with an increasing Ã at low speed and an almost constant film thickness for higher speeds.
Analysing the specific film thickness calculated with the base oil viscosity (Fig. 6, left) , it can be noticed that the polymeric greases (PPAO and PE þ V) worked near to boundary regime (Ã < 1) for all operating conditions, while the other greases operate under mixed or full-film lubrication (Ã ! 1). However, considering the specific film thickness calculated with the bleed oil viscosity (Fig. 6, right) , the polymeric greases (PPAO and PE þ V) operated under mixed/full-film conditions, and the LiM2 and LiPAO greases work near to boundary regime.
Rolling and sliding friction torque
The bearing friction torque model developed by SKF [2] was used to calculate the rolling M 0 rr and sliding M sl friction torques, taking into consideration the thrust ball bearings dimensions and the operating conditions (operating temperature, load, and speed). Figure 7 shows the rolling friction torque M 0 rr for each grease and operating speed, calculated using the base (left) and bleed (right) oil viscosities.
As mentioned earlier (section 2), the rolling torque is predominantly affected by the resistance imposed by the lubricant to the rolling ball. Hence, it depends on the thickness of lubricant and on the properties of lubricant in terms of friction and replenishment of the contact. This means that the rolling torque M 0 rr is mainly dependent on the viscosity at the operating temperature, and thus, higher bleed/base oil viscosities generate higher rolling torques, at constant speed, such as in the case of the base oils of greases LiM1, LiE, and LiPuE. However, for very high viscosities at high speed, the replenishment factor (' rs ) becomes important, and can reduce the rolling torque up to 90 per cent. That was the case of grease PPAO bleed oil. In the case of grease LiPAO, the rolling torque increased when the operating speed increased, because the viscosity of the corresponding bleed oil was almost constant, depending very little on temperature (Fig. 5 ). According to Moralles [17] , for ball bearings, a typical behaviour of high-viscous lubricants is characterized by a decreasing on the rolling torque (M 0 rr ) as the rotational speed increases (LiM1), and a typical behaviour of low-viscous lubricant presents a slight increase on the rolling torque as the rotational speed increases (LiPAO). Actually, M 0 rr increases with increasing film thickness, but starts to decrease when the kinematic replenishment factor (' rs ) starts having a significant influence.
The sliding friction torque M sl was calculated using equation (4) and is plotted against the rotational speed in Fig. 8 .
A decreasing trend with increasing operating speed was observed in the bleed/base oil sliding torque for all tested greases, which was expected since the sliding torque also depends on the base oil viscosity, i.e. the resistance to shear the lubricant is lower for lower viscosities. In general, the sliding friction torque is affected by two components. For high values of Fig. 7 Rolling torque versus bearing speed, considering the base oil (left) and the bleed oil (right) viscosities Fig. 8 Sliding torque versus bearing speed, considering the base oil (left) and the bleed oil (right) viscosities specific film thickness (Ã ! 1), the sliding torque is mainly affected by the lubricant shearing inside the contact, and in this situation, the nature of the base oil and the interaction between base oil and thickener have great influence. For low values of the specific film thickness (Ã < 1), where the asperities contact takes place, the sliding friction torque also depends on the lubricant additive package. Thus, the sliding torque depends on the specific film thickness, presented in equation (5) by the weighting factor ' bl . It is interesting to notice that the bleed oil of the Lithium-thickened greases (LiM1, LiM2 and LiPAO) generated the highest sliding torques and simultaneously the corresponding bleed oils had the highest decrease in viscosity when compared with their base oils ( Fig. 4) , while the polypropylene-thickened greases (PPAO and PE þ V) showed exactly the opposite trend, that is, lowest sliding torques and the highest increase in viscosity when compared with their base oils. The sliding torque of greases LiE and LiPuE were in between those just mentioned, which had bleed and base oils with similar viscosities. These trends are a clear sign of the influence of the grease thickener and of the interaction between thickener and base oil on the bearing sliding torque.
Wear
Ferrographic techniques were used to evaluate the wear mechanisms that occurred on wear tests, described in section 1.
Based on a previous work [19] , the most representative grease sample to be analysed by ferrography was defined to be the grease located inside the bearing. Hence, the grease samples analysed were obtained by carefully dismounting the thrust ball bearing from the bearing assembly, removing carefully the bearing cage with the rolling balls to be washed with solvent, using the ultrasonic agitation. For each grease sample dissolved, a known grease quantity was recorded, weighting the cage before and after being washed.
Bearing wear was evaluated using the Direct Reading Ferrograph (DRIII), where the Wear Particle Concentration Index (CPUC) was calculated for the greases tested, and through Analytical Ferrography (FMIII), using the microscopic analysis of the wear particles generated. Figure 9 presents the CPUC results (12 þ 48 h) versus the theoretical specific film thickness calculated using the viscosities of the greases' base and bleed oils. As shown, the wear particle concentration index decreases as the bleed oil specific film thickness increases, and the correlation between these two parameters (Ã bleed and CPUC) was excellent. In particular, a significant increase of CPUC was observed when Ã was near or below 1.
The tests were carried out at 12 þ48 h in order to analyse the bearing wear during the running-in (12 h). In that phase, the surface softening get rise of the mild wear and many small wear particles are generated. These particles will damage the bearing and generate more particles. By stopping the test after 12 h, it is possible to analyse the bearing wear during the surface softening.
After this initial 12 h running-in period, it is possible to analyse the wear after running-in. The results presented were the sum of the bearing wear for The correlation between CPUC and Ã base calculated using the base oil was not as clear as in the case of the bleed oil. Nevertheless, it was observed that for each type of lubricant (Li or P) a lower base oil viscosity generates lower specific film thickness and, thus, higher CPUC values.
Pictures taken from ferrographs obtained by analytical ferrography are presented in Fig. 9 , suggesting the following.
The mineral-based greases (LiM1 and LiM2) and
the LiPAO grease generated few wear particles.
However, most of these particles are large in size and with irregular forms, typical from severe wear. The high ratio of large particles (!20 mm) to small particles (<2 mm) indicates a more severe type of wear [20] . In fact, the sliding friction torque (M sl ) was higher for these greases. 2. The other greases (ester and polymeric greases) generated a large amount of wear particles with small and medium sizes, but also few wear particles with large size. Although, the severity of the wear is less pertinent, since the ratio of large particles to smaller ones is significantly lower. For these greases, the sliding friction torque was also lower.
Fig. 11
Rolling torque versus specific film thickness considering base (left) and bleed (right) oils 
DISCUSSION
Large differences were observed between the greases' bleed and base oil viscosities. These differences extend to the film thickness and to the rolling and sliding friction torques. Greases with higher base/bleed oil viscosities generate higher film thickness and higher rolling torques M 0 rr . Such behaviour is clearly shown in Figs 10 and 11.
In Fig. 10 , the bearing rolling torque (M 0 rr ) was plotted against the theoretical film thickness considering the base and the bleed oil viscosities for all operating conditions. This Figure indicates that the rolling torque increased when the specific film thickness also increased. However, the film thickness given by equation (8) does not take into account the replenishment factor (' bl ), which strongly affects the rolling torque. This fact justifies the different trend observed for the PPAO bleed oil, which generates poor contact replenishment and thus, the rolling torque decreases significantly.
In Fig. 11 , the bearing rolling torque (M 0 rr ) was plotted against the grease operating base and bleed oil viscosities for three different speeds, 500, 2000, and 5500 r/min. According to equation (3), the rolling torque increases when the operating viscosity and/or the operating speed increases and Fig. 11 indicates that, at constant speed, higher base/bleed oil viscosities generate higher rolling torques. However, when speed increases, the operating temperature also increases and the base/bleed oil viscosity decreases. If this decrease in viscosity is small (Fig.  5 ), the rolling torque increases (e.g. grease LiPAO), and if the viscosity decrease is significant, the rolling torque decreases (e.g. greases LiM1 and LiM2).
Another important aspect is the influence of the grease thickener. In the case of Lithium greases, the bleed oil has lower viscosity than the base oil, while the opposite occurs in the case of the polypropylene greases. This different behaviour is clear comparing the variation of the rolling friction with the bleed oil viscosity for lithium and polypropylene greases, as shown in Fig. 11 .
In the case of the bleed oil of the grease PPAO, the influence of the contact replenishment is also very clear. At high speed, the high-viscosity bleed oil of this grease generates poor contact replenishment and the rolling torque decreases significantly.
The sliding torque M sl is predominantly affected by the friction coefficient EHD , since almost all greases operated under mixed/full film conditions Ã ! 1 (Fig.  6 ) and, consequently, ' bl is almost equal to 0. In this case, the coefficient of friction in full-film lubrication ( EHD ) is mandatory, and it depends on the resistance to shear of the lubricant, which depends on the nature of the bleed oil. However, in the case of LiPAO grease, which operates under boundary film lubrication, the weighting factor ' bl becomes very significant and the friction coefficient between the interacting asperities m bl is mandatory; here the additive package presents a significant influence.
The bearing wear presented in Figs 9 and 12 are in close agreement with the bleed oil specific film thickness and present an interesting relationship with the sliding torque. The greases' bleed oils with higher sliding torques (LiM1, LiM2, and LiPAO) presented the most severe wear, and the ester and polymeric greases (LiE, LiPuE, PE þ V, PPAO) which presented lower severe wear also presented lower sliding torques.
CONCLUSION
1. The viscosity of the bleed oil is higher than the viscosity of the base oil in the case of polypropylenethickened greases and the opposite was observed in the case of Lithium-thickened greases. 2. The bearing rolling torque (M 0 rr ) is mainly dependent on the viscosity of the base/bleed oil at the operating temperature. However the replenishment of the contact (' rs ) can be the mandatory factor for high-viscosity lubricants at high-operating speeds. 3. The bearing sliding torque (M sl ) is mainly dependent on two parameters, which each one has more representativeness depending on the specific film thickness: 4. Ã > 1 -Lubricant shearing into the contact, which depends on the nature of the base/bleed oil and the interaction between base oil þ thickener 5. Ã < 1 -Lubricant additive package.
(a) Bearing wear presented a linear relationship with the specific film thickness and sliding torques obtained, considering the bleed oil viscosity. (b) Better correlations are obtained when the grease bleed oil properties are considered. (c) The bio-greases LiE and PE þ V presented a good compromise between power loss and bearing wear. However, the best results were achieved with the PPAO grease.
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